We report evidence for fast photoinduced electron transfer mediated by the DNA helix that requires metal complexes that are avid intercalators of DNA. Here the donor bis(phenanthroline)(dipyridophenazine)ruthenium (II) [Ru(phen)2dppz2+1 and acceptor bis(9,10-phenanthrenequinone diimine)(phenanthrofine)rhodium(IU) [Rh(phi)2phen3+] intercalate into DNA with Kb > 10' M-1. Luminescence quenching experiments in the presence of two different lengths of DNA yield upward-curving Stern-Volmer plots and the loss of luminescence intensity far exceeds the change in emission lifetimes. In the presence of a nonintercalative electron acceptor, Ru(NH3)3+, Ru(phen)2dppz2+ luminescence is quenched much less efficiently compared to that found for the intercalative Rh(phi)2phen3+ quencher and follows linear SternVolmer kinetics; steady-state and time-resolved Stern-Volmer plots are comparable in scale. These experiments are consistent with a model involving fast long-range electron transfer between intercalators through the DNA helix.
Understanding electron transfer over long distances is essential to the characterization of fundamental redox processes such as oxidative phosphorylation and is surely critical to the design of artificial photosynthetic systems and electroactive sensors (1, 2) . Experiments in many laboratories have focused on measurements of electron transfer rates between metal centers over long distances in proteins' or protein pairs as a function of distance, driving force, and the intervening medium (3, 4) . Although the notion of charge transfer in nucleic acids has been postulated for some time (5) (6) (7) , only recently has DNA been examined as a medium for electron transfer reactions (8) (9) (10) (11) . Experiments with radiation-damaged DNA have suggested the importance of DNAmediated electron transfer with regard to nucleic acid-based disease. Studies of DNA under extreme conditions (77 K, neutron bombardment) have suggested that radical species can migrate up to 100 bp away from the initial lesion (12, 13) . Pulse radiolysis experiments of the cytotoxin daunorubicin intercalated into DNA reveal that this electronic migration is comparable in rate to excess electron mobility in conducting polymers (14) . This dissipation of charge may actually be a mechanism by which redox damage to DNA at localized sites may be avoided.
We have previously found that the rate of electron transfer between transition metal complexes is enhanced in the presence of DNA. Cationic tris(phenanthroline)metal complexes were used as donor-acceptor pairs (8, 10) since these complexes had been shown to bind to DNA noncovalently (Kb 5 x 103 M-1) through primarily two modes: (i) intercalation and (ii) surface binding (15) (16) (17) (18) . In these experiments, the donor was photoexcited Ru(L)3+, while the acceptors were M(L)3+, M = Rh(III), Co(III), or Cr(III) and L = 1,10-phenanthroline or 2,2'-bipyridine. How DNA might mediate these electron transfer processes was difficult to discern in part because of the rapid equilibration between binding modes and positions of donors and acceptors (10, 19) .
Here we report evidence for fast DNA-mediated electron transfer between metal complexes that are avid intercalators of DNA. In this system, both donor and acceptor intercalate into DNA with Kb > 106 M-1. The donor, photoexcited bis(phenanthroline)(dipyridophenazine)ruthenium(II) [Ru-(phen)2dppz2+] (Fig. 1) , shows no luminescence in aqueous solution but, in the presence of DNA, where the phenazine nitrogens are protected from water through intercalation of the dppz ligand, intense luminescence is observed (20, 21) . This luminescence is sensitive to the DNA base composition and conformation in the helical stack (22) . Spectroscopic and DNA unwinding assays on Ru(phen)2dppz2' and its derivatives have provided strong support for intercalation by the dppz ligand (20, (22) (23) (24) (25) . The acceptor is bis(9,10-phenanthrenequinone diimine)(phenanthroline)rhodium(III) [Rh- (phi)2phen3+] (Fig. 1) . Rhodium(III) complexes containing phi bind tightly to nucleic acids via intercalation (26, 27) . Two-dimensional NMR experiments have provided direct evidence for intercalation ofphi complexes in the DNA major groove through the phi ligand (ref. 28 ; J. G. Collins, T. P. Shields, and J.K.B., unpublished data). Phi complexes of rhodium cleave DNA and RNA upon photoactivation and thus are also useful as probes of higher-order structures in nucleic acids and as high-resolution DNA photofootprinting reagents (29) (30) (31) (32) (33) (34) (35) . The absorption spectrum ofRu(phen)2dppz2+ is characterized by a metal-to-ligand charge transfer transition centered on the dppz ligand, and the emission from this state in nonaqueous solution can be quenched by electron acceptors (36) . The lowest energy absorption band of Rh(phi)2phen3+ is centered on the phi ligand (37) . Thus, photoinduced electron transfer may be directed in the presence of DNA from the ruthenium(II) donor to the rhodium(III) acceptor and be mediated by the stacked bases (Fig. 1) .
Experiments have also been recently conducted in our laboratory on derivatives of these intercalating donors and acceptors covalently attached to the 5' termini of complementary oligonucleotides (38) . The experiments described here, using noncovalently bound species, permit a comparison of donors and acceptors that bind DNA through either intercalative or nonintercalative binding modes and thus the ability to explore the binding requirements for fast photoinduced electron transfer.
MATERIALS AND METHODS Chemicals. [Ru(phen)2dppz]CI2 and [Rh(phi)2phen]Cl3 were prepared as described in the literature (21, 29) .
Abbreviations: Ru(phen)2dppz2+, bis(phenanthroline)(dipyridophenazine)ruthenium(II); Rh(phi)2phen3+, bis(9,10-phenanthrenequinone diimine)(phenanthroline)rhodium(III).
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RESULTS
Cyclic Voltammetry. Cyclic voltammetry was used to determine the redox potentials ofmetal complexes used in these studies. Ru(phen)2dppz2+ was found to be reversibly oxidized, with a potential of 1.63 V. The reduction of Rh(phi)2phen3+ was quasi-reversible with a potential of +0.02 V. For Ru(NH3)6 , in comparison, we find a reduction potential of +0.04 V in water. Errors for these measurements were estimated to be ±0.02 V. Driving forces for photoinduced electron transfer reactions were calculated by the equation The quenching of Ru(phen)2dppz2+ luminescence by Rh(phi)2phen3+ in the absence of DNA cannot be performed in aqueous solution since the ruthenium complex does not luminesce (20) . Ru(phen)2dppz2+ does emit in ethanol, however, and its luminescence decays as a single exponential with a lifetime of 4160 ns. Titration of a 10 ,uM solution with 0-100 ,uM Rh(phi)2phen3+ yields little change in emission intensity (Fig. 2) Luminescence quenching was also examined on an oligonucleotide duplex 28 (Fig. 3) . (Fig. 4) Earlier studies have shown that Rh(phi)2phen3+ binds by intercalation with a binding affinity comparable (slightly lower) to Ru(phen)2dppz2+ (27, 28, 37) . While the complexes bind competitively, at the metal/DNA ratios used in these studies the rhodium complex does not displace the ruthenium complex; the binding site size for each is -4 bp.
Luminescence Quenching of DNA-Bound Ru(phen)2dppz2+
by Rh(phi)2phen3+ vs. Ru(NH3)3+. The steady-state and timeresolved Stern-Volmer parameters for the luminescence quenching of DNA-bound photoexcited Ru(phen)2dppz2+ by Ru(NH3)3+ are of comparable magnitude (Figs. 4 and 5) . When the Stern-Volmer constants for steady-state and timeresolved measurements are identical, it can be assumed that the system is governed by "dynamic" quenching in which the luminescence intensity decrease occurs through a dynamic process, such as molecular diffusion, which is slow relative to the inherent luminescence decay in the absence of quencher (42, 43) . Thus, the results of quenching of Ru(phen)2dppz2+ by Ru(NH3)3+ in the presence of calf thymus DNA are consistent with a mechanism involving at least one diffusing partner. Since luminescence polarization studies reveal that Ru(phen)2dppz2+ is essentially immobile on DNA during its excited state lifetime (21) , Ru(NH3)3+ must be the diffusing species.
In contrast to the linear Stern-Volmer plots and the comparable Stern-Volmer constants observed in the Ru(phen)2dppz2+/calf thymus DNA/Ru(NH3)3+ experiments, the Ru(phen)2dppz2+/calf thymus DNA/ Rh(phi)2phen3+ system shows nonlinear, upward-curving steady-state Stern-Volmer plots and much smaller SternVolmer parameters derived from time-resolved measurements than for the steady-state measurements (Fig. 2) . Such a difference in Stern-Volmer parameters is consistent with the occurrence of at least two quenching mechanisms, one of which is complete on a time scale that is fast relative to the resolution in the time-resolved experiment and a second that is slow relative to this time scale (42) (43) (44) . The latter is likely the result of diffusional quenching. The former, which is termed static quenching, is typically either the result of the formation of ground-state complexes, which when excited undergo quenching that does not involve diffusion, or the result of "sphere of action" quenching, which requires that quenchers within a certain sphere ofthe excited molecule will quench the excited state on a time scale that is short relative to the resolution ofthe measurement (42) (43) (44) . The lack ofnew absorption bands in absorbance titration experiments suggests that ground-state complex formation is not the dominant static quenching mode. The photocleavage experiments also lend strong support for the absence of ground-state complex formation.
Comparison to M(phen)"+. (43) ; in our system, the emission band of the photoexcited Ru(phen)2dppz2+ is energetically well below that of the ground-state Rh(phi)2phen3+ absorbance. Forster energy transfer is also ruled out because our system does not involve singlet-singlet pairs. Thus, we assign the primary quenching mechanism as one involving electron transfer.
It is important to note that we cannot exclude a superexchange energy transfer mechanism (43) as contributing to the overall quenching we observe. This superexchange mechanism would still require the intermediacy of the double helix and has been considered as a form of electron transfer or exchange. Furthermore, such triplet exchange would be expected to decay even more-rapidly with distance through the helix than would quenching through a single electron transfer.
Implications. We have shown that electronic communication between our metal complexes bound to DNA most likely proceeds by an electron transfer mechanism and that this electron transfer is fastest (>109 sec1) when both donor and acceptor are intercalators and when the DNA length is short (on the order of 28 bp). Also, since the persistence length of DNA is 500 A (4150 bp) (48), the 28-mer is expected to be relatively rigid. It is therefore remarkable that at a ruthenium concentration of 10 ,uM and a rhodium concentration of 40 ,uM, in the presence of 500 MM DNA base pairs, >80%o of the ruthenium(II) luminescence is quenched on the nanosecond time scale; at these concentrations, given a random distribution of metal complexes on the helix, the average distance between metal complexes is estimated to be >35 A. These results are fully consistent with experiments recently conducted in our laboratory using ruthenium and rhodium derivatives covalently attached to the 5' termini of complementary oligonucleotides (38) . Based on these observations, we propose that long-range electron transfer could occur on a picosecond time scale between intercalated complexes within discrete domains of electronically coupled, stacked bases.
Our data suggest that fast, long-range electron transfer may occur between metallointercalators that bind avidly to DNA. Electronic coupling through the double helix, which facilitates intramolecular electron transfer, may be modulated by the dynamics of base stacking. Thus, transition metal complexes may be useful in probing DNA dynamics, and the DNA polyanion may provide a synthetically amenable medium to explore long-range electron transfer processes.
